ABSTRACT This paper presents the design of a Ka-band cross-coupled substrate-integrated waveguide (SIW) bandpass filter using a newly proposed cross-coupling structure. The benefits of using the new cross-coupling structure and the design approach for it will be discussed in this paper. The filter design adopts TE 101 resonant mode, and the target center frequency and bandwidth of the filter are 38.8 GHz and 2.3 GHz, respectively. Although the filter can be used as is, it can also be mounted on a motherboard as per end-users' need. For the purpose of mounting the proposed filter on a motherboard, a design methodology for a multi-layered transition from a microstrip line to a grounded coplanar waveguide (GCPW) operating at Ka-band is presented. The transition aims to provide the integration between two different layers using a via hole for the vertical integration. The proposed filter with the GCPWs have been fabricated using a Rogers 4350 substrate with a thickness of 0.508 mm, and the motherboard with microstrip has been fabricated using an Astra MT 77 substrate with the thickness of 0.127 mm. The measured results of the fabricated filter are in good agreement with simulated results, and the measured S-parameters of the fabricated transition exhibits the return loss better than 12 dB over the frequency range of interests.
I. INTRODUCTION
Macro-cell networks with high-power handling capability are required to cover wide geographical areas. The Air-filled cavity resonator filters are widely used in such systems owing to their excellent performance, including low loss, high Q-factor and high-power handling capability. But for micro-and pico-cell networks which have relatively small area coverage and do not require high-power handling components, the air-filled cavity resonator filters are not suitable due to the large dimensions, which makes high-density circuit integration difficult, consequently increasing the overall manufacturing and operating cost. The substrate integrated waveguide (SIW) technology has received much attention in past years as an attractive solution to meet the requirements The associate editor coordinating the review of this manuscript and approving it for publication was Yuhao Liu. in such small area coverage networks for its small volume, cost-effectiveness and good integrability with other planar circuits while inheriting the advantages of the conventional air-filled cavity components [1] , [2] .
On the other hand, there are growing demands for microwave filters with high filtering selectivity performance as local wireless communications systems are densely populated in urban areas, which have led to saturation of the RF spectrum. This imposes a stringent constraint on filter specifications to have sharp selectivity. To satisfy the high closeto-band rejection requirements of modern systems, the filters with cross couplings have been extensively investigated. The introduction of cross couplings between resonators generates additional physical paths from the source to the load, producing transmission zeros at finite frequencies. Transmission zeros allocated at frequencies close to the passband enhance the filtering selectivity without increasing the order of the filter, and accordingly allow reducing the volume and minimizing the insertion loss.
Various techniques to introduce cross couplings to SIW filter structures have been studied and published [3] - [8] . In [3] and [4] , S-shaped slots lines are formed at the top and bottom metallic layer of the substrate of the filter to achieve the negative cross coupling between two adjacent resonators. However, the coupling scheme may not be suitable for some specific cases, such as filters that are purposely designed to be mounted on a surface-mount board, because the bottom layer of the filter must be put on the metallic layer of the surface-mount component, by which the slot line at the bottom of the filter is nullified. Another coupling method with an inter-digital slot line (ISL), which is formed at the top metallic layer of the filter, for achieving the negative cross coupling is presented in [5] . Also, in [6] , an H-shaped slot line on the top surface of the resonators with two via-holes is used to introduce the negative cross coupling. Open-ended steppedimpedance GCPWs [7] can also be a candidate for a coupling structure achieving the negative coupling. As can be seen, the studies are mainly focused on the negative cross couplings because of their technical difficulties on implementation, whereas the positive cross couplings are relatively easy to implement using a well-known magnetic coupling structure, i. e., inductive iris through a side wall between two resonators. However, the implementation of a positive coupling using an inductive iris can be a complicated work when it comes to the introduction of the coupling between non-adjacent resonators, where the resonators do not share a side wall. The coupling schemes proposed in [5] and [6] can be practical for introducing the cross coupling by etching slots on the upper metallic layer of the filter, when considering a surface-mountable design or in the occasion where the bottom surface of the filter cannot be suspended. However, they may not be applicable when the two resonators are placed in such a way that they do not have a common side-wall between them. A design method for achieving positive cross couplings using the inductive iris shown in [8] also requires common side-walls and resonators must be arranged in a specific way to secure the coupling paths between them.
In this paper, a Ka-band SIW bandpass filter with new cross-coupling structures is presented. The target frequency and bandwidth of the filter are 38.8 GHz and 2.3 GHz, respectively. The new concept of cross-coupling structures between non-adjacent resonators is proposed in order to remedy the drawbacks of the conventional positive coupling structure made with an inductive iris. Since the filter is of SIW structure and has two ports, it is compatible with other planar circuits on the substrate in which the filter is integrated. In addition, we can make the filter mountable on a different substrate such as motherboard as per user's need. Hence, this work also presents a vertical transition from a microstrip line to a GCPW. Studies on transitions from a microstrip line to a line of different type have been conducted extensively [9] , [10] . Only a few studies for a vertical microstrip-to-GCPW can be found in the literature [11] , and this work proposes a simple and practical method to design a transition. The rest of the paper is organized as follows. In Section II, the design of a cross-coupled filter and methodologies for implementing cross couplings between non-adjacent resonators are discussed. Section III describes the design of a microstrip-to-GCPW transition between two substrate layers. The simulation results and measured results of the proposed transition and filter are shown in Section IV. Finally, a brief conclusion is carried out in Section V. Fig. 1 shows a topology of a sixth-order bandpass filter with two transmission zeros. S and L denote the source and load, respectively, and the numbers represent the six resonators in order. The consecutively numbered resonators are directly coupled with each other and they are indicated by solid lines. In the given topology, two cross couplings are introduced between non-adjacent resonators to obtain transmission zeros at finite frequencies, which are indicated by dotted lines.
II. FILTER DESIGN
In this work, we design a sixth-order SIW filter whose center frequency and bandwidth are 38.8 GHz and 2.3 GHz, respectively. Considering the preliminary filter rejection specifications, the transmission zeros are placed at = 1.15 and = 1.75 where is the normalized frequency. The (N + 2) × (N + 2) coupling matrix producing the aforementioned transmission zeros and 20 dB equi-ripple response in the passband can be found by using the well-known filter synthesis methods [12] , [13] , and it is given in (1) , as shown at the bottom of the next page.
The physical external and interresonator coupling values, k ex and k in , for the filter design are then given by
where M ex and M in are the normalized external and interresonator coupling values, respectively, and is the fractional bandwidth.
A. CONVENTIONAL DESIGN APPROACH
Since all the couplings including the cross couplings are positive in the given coupling matrix, the filter design can be carried out by using a conventional approach and a design example is shown in Fig. 2 . The via-hole arrays are used to form the side walls of the SIW resonators, with the radius of the via-holes fixed as 0.1 mm and the center-to-center distance between two neighboring via-holes fixed as 0.3 mm. Since this type of resonator filters has been extensively studied and reported [14] - [16] , the discussion on the approach for finding the other dimensions is briefly described in Subsection C, rather than illustrating the procedure in detail. The input and output ports of the filter are formed by the GCPWs, and they are coupled to the first and sixth resonators, respectively. The direct and cross couplings are similar to each other, but a small difference can be found. More specifically, both the direct and cross-coupling structures can be considered to be dielectric rectangular waveguide structures whose width is smaller than the width of the resonator, but they have different lengths. Fig. 3 shows the two resonators coupled by a waveguide structure that is extremely short. This type of coupling structure is widely known as inductive iris, and it is employed between each pair of the consecutively-numbered resonators. Fig. 4 (a) shows the two resonators coupled by a waveguide structure that is relatively long. This type of the coupling structure is used in implementing the cross couplings between pairs of the nonconsecutively-numbered resonators, as they do not share a side wall and are separated to a degree. The coupling in this structure is controlled by changing the width of the waveguide-iris, which is denoted as w 1 in Fig. 4 (a). However, there are potential drawbacks in controlling coupling value by moving the side wall of the waveguide-iris. Moving the side wall causes structural changes in the two resonators, which in turn leads to the drastic variations of the resonant frequencies as the width of the waveguide-iris varies. Furthermore, the couplings of the neighboring resonators that share the side wall with the waveguide-iris vary as the width of the waveguide-iris increases or decreases, which imposes rearrangement of all the resonators adjacent to the waveguide-iris to compensate the dimensional change. This increases design complexities and difficulties in tuning process. Hence, a new coupling design is proposed to address the aforementioned drawbacks of the waveguide-iris coupling structure.
B. FILTER DESIGN USING THE PROPOSED CROSS-COUPLING STRUCTURE
The new coupling structure and its design parameters are shown in Fig. 4(b) . The proposed coupling structure can be implemented by using the conventional design with the waveguide-iris along with slot lines on the top surface of the substrate. The comparison between the previous works on the cross-coupling structures and the proposed structure is summarized in Table 1 . In Fig. 4(b) , w 2 represents the width of the waveguide-iris, and triple slot lines are formed on the upper layer of the waveguide-iris. w 3 is the spacing between the slot lines, and s 1 is the spacing measured from the outermost edge of slot line and the center of the side wall of waveguide-iris. w 4 and s 2 denote the width and length of the slot lines, respectively. Using the new structure, the couplings can be achieved with a relatively narrow width of the waveguide-iris. Since the width is fixed, controlling couplings using slot lines does not cause changes in couplings to neighboring resonators sharing the side wall of the waveguide-iris. The width of the waveguide-iris, w 2 , can be represented as a sum of other parameters, s 1 , w 3 and w 4 . Since the proposed coupling structure aims to achieve cross couplings with a narrow width of waveguide-iris, the design parameters are determined in a manner that minimizes the w 2 .
The w 4 is fixed as 0.15 mm to minimize the radiation loss through the slots, and s 1 is fixed as 0.3 mm, considering the fabrication capability. Then the coupling is controlled by varying the two remaining parameters, w 3 and s 2 , and the coupling illustrated in Fig. 5 . It can be shown that a stronger coupling is achieved with a greater spacing between slot lines. And for the same spacing between slot lines, the coupling coefficient increases as the slot lines lengthen. According to Fig. 5 , it can be concluded that, for the purpose of minimizing w 2 , w 3 can be chosen to be 0.175 mm in this design to achieve the cross-coupling values k 13 = 0.0186 and k 46 = 0.0363 found from (3). The field simulation for the proposed coupling structure is carried out using a commercial full EM-wave simulation software, HFSS by ANSYS. The electric field distribution of the two resonant modes is plotted to verify the sign of the coupling structure. The electric field in the conventional waveguide-iris are shown in Fig. 6(a) and (b) , which depict the diagonally-cut cross section view of the coupling structure with electric field distribution overlays for the first and second resonant mode, respectively. For the first resonant mode, it is shown that the electric field of the coupling structure is in-phase. For the second mode, on the contrary, the electric field in the two cavities is out-phase by 180-degree. The sign of the proposed coupling structure can be verified by comparing the field distribution patterns of the first and second resonant modes with that of the conventional coupling structure, and the method is well-organized in [6] . As illustrated in Fig. 6(c) and (d) , the electric field distributions of the proposed coupling structure with slot lines are identical to those of the coupling structure with waveguideiris. These results indicate that the proposed coupling structure can be used to obtain the positive coupling.
C. PHYSICAL IMPLEMENTATION
For the physical implementation of the filter, the external coupling coefficient and internal coupling coefficient have to be calculated. A resonant cavity with a 50-GCPW line was simulated to calculate the external coupling coefficient, which can be calculated using
where f c denotes the center frequency, and where f 90 and f −90 denotes the frequencies where the phase of S 11 deviates by 90 and − 90 degrees, respectively, from the center frequency [19] . The coupling value of the external coupling structure is controlled by changing the length of slot lines of the GCPW. Using the formulae (2) and (4), the dimensions of the external coupling structure can be determined. The internal direct coupling is realized through a magnetic post-wall iris, and the proposed coupling structure using slot lines is used to achieve a cross coupling, which are illustrated in Fig. 3 and Fig. 4(b) , respectively. Coupling structures with a pair of the resonators have been simulated, and the internal coupling coefficient can be calculated using
where f p2 and f p1 are the two resonant frequencies of the coupled resonators [20] . The internal direct coupling is controlled by adjusting the width of the inductive iris, and the coupling for cross-coupling is controlled by adjusting the length of slot lines. The dimensions of the internal coupling structure can be determined using the formulae (3) and (5.)
The proposed filter design and dimensions are shown in Fig. 7 . The ideal frequency responses which can be obtained from the coupling matrix [12] and simulated frequency responses of the filter are plotted in Fig. 8(a) and (b) .
III. TRANSITION
The proposed filter discussed in Chapter 2 is compatible with planar circuits on the substrate in which the filter is integrated. Alternatively, it can be mounted on a different substrate such as motherboard by employing transitions at its input and output ports.
To utilize the proposed filter on a motherboard with microstrip lines output, multi-layered microstrip-to-GCPW transition must be designed. At microwave-wave frequencies, including L-band, K-band, etc., designing such transition would be a straightforward work. A via-hole placed at the end of a transmission line can be used to connect the line to the other transmission line which is in a different substrate layer. However, at millimeter-wave frequencies, designing a transition using a via-hole requires special attention. A design methodology for designing a multi-layered microstrip-to-GCPW transition operating at Ka-band will be discussed in this chapter. The proposed transition shown in Fig. 9 consists of two substrate layers. The dielectric constant and thickness of the upper substrate are ε r1 = 3.66 and h 4 = 0.508 mm, respectively. The ones of the motherboard (lower layer) are ε r2 = 3 and h 5 = 0.127 mm, respectively, in this design. Open-ended microstrip lines with 50-characteristic impedance are formed on the top surface of the motherboard, and GCPW lines with a 50-characteristic impedance are formed on the top surface of the upper substrate. The two transmission lines are vertically interconnected through a viahole, which is placed at the input port of the GCPW line. Also, there is a copper layer with a number of via-holes located in the middle of the motherboard, which is intended to provide connection between the bottom surface of the upper substrate and the ground plane of the motherboard. Since the ground plane of the upper substrate and the microstrip feed line are on common plane, the bottom metallic surface of the upper substrate must be etched to separate the signal line from the ground plane.
However, the simulation results of above transition design showed the frequency responses that have significantly deviated from expectations. According to our analysis, a portion of signal coming from the microstrip line excites the substrate of motherboard, and such excitation causes undesired resonant modes across the motherboard, which have led to the performance degradation. Fig. 10 illustrates the magnetic field of such undesired resonant mode across the motherboard.
To cope with this problem, a resonance suppressing structure (RSS) is designed and introduced to impede the generation of unwanted resonances. The design parameters of the transition are shown in Fig. 11(a) and (b) . As can be seen, the resonance suppressing structure is placed near the end of the microstrip line, forming a C-shaped via-hole wall surrounding the open-end of the signal line. s 5 denote the spacing between the signal line and the ground plane. It is obvious that the signal propagation to the ground plane will decrease as the distance between the signal line and ground plane increases. However, the greater separation between the signal line and ground means that a larger area of the ground plane needs to be etched, which results in greater field leakage from the upper substrate to the lower substrate, increasing the radiation loss. Furthermore, etching ground plane introduces an impedance mismatch as the GCPW partially loses its ground plane. s 5 has to be optimized considering these effects, to achieve the lowest return loss at the operating frequency of the proposed filter. s 6 denotes a space margin between the edge of ground layer and the resonance suppressing structure, which is added to prevent short-circuiting the signal line and ground when the resonance suppressing structure is soldered.
The remaining design parameters are as follows. d 1 is the diameter of the via-hole for the vertical interconnection, and t 1 is the width of the 50-microstrip line. The two To better understand the approach for determining l 1 , it should be noted that since the signal via-hole acts as a series inductor, the proposed transition can be modelled as a transition with two different kinds of 50-transmission line connected in series with an inductor between them. Thus, it is apparent that the via-hole would cause an impedance mismatch owing to its inductance. In order to compensate the deviation caused by such inductance, the capacitance of transmission line stubs can be used. The detailed view of the transition with line stubs and equivalent topology of the transition are shown in Fig. 12(a) and (b) , respectively. Here, l s1 and l s2 are the parameters for determining the length of line stubs, and their lengths are measured from the edge of the signal via-hole of transmission lines.
The matching technique applied to the proposed transition design is illustrated in Fig. 12(b) and Fig. 13 to assist understanding the concept. Although two stubs, GCPW and microstrip stubs, are available in the transition design, using the GCPW stub is preferred for the proposed transition design as using the microstrip stub requires more etching of the ground plane of the GCPW. Hence, this paper discusses the design of the transmission using the GCPW stub. When an inductor is placed in series between the GCPW and the microstrip line without using the GCPW stub shown in Fig. 12 , the normalized input impedance seen at P 2 is 1 + jx where x is the normalized reactance of the inductor. z 2 in Fig. 13 depicts the input impedance seen at P 2 for example. Hence, the impedance point of the input impedance seen at the microstrip input port lies on the constant SWR VOLUME 7, 2019 FIGURE 14. S 11 plot of the transition for different stub lengths. circle containing Z 2 , which is denoted by the dotted circle in Fig. 13 . On the other hand, when the GCPW stub is in use, the normalized input admittance seen at P 1 is 1 + jb where b is the normalized susceptance of the stub, and the normalized input impedance is depicted by Z 1 in Fig. 13 . The one seen at P 2 can be found by moving this point along the constant resistance circle containing Z 1 , and it is depicted by Z 2 . The dashed line shows the constant SWR circle containing Z 2 , and it is smaller than the dotted circle. It can be concluded that a better matching performance can be obtained by means of using the GCPW stub and its length can be determined in a way to have the smallest constant SWR circle containing the impedance point of the input impedance seen at P 2 .
The analysis described above provides a guide to determining the design parameters of the transition when the inductance of the via-hole is considered [21] . The appropriate length of the stub can be determined, knowing the via-hole inductance. Fig. 14 shows the return loss for different lengths of the GCPW stub. It can be noted that the return loss improves when the stub length increases to 0.08λ g1 , then degrades afterwards. For the proposed transition design, a GCPW stub length of 0.08λ g1 is used for impedance matching, where λ g1 denotes the guided wavelength in the upper substrate. Also, an extremely short microstrip stub length of 0.01λ g2 , which has a minuscule capacitance and negligible matching effect, is used for facilitating soldering between the signal via and microstrip line, where λ g2 is the guided wavelength in the lower substrate. The line stubs length of l s1 = 0.08λ g1 and l s2 = 0.01λ g2 have length of 0.4 mm and 0.05 mm in their substrate, respectively. The design parameter to have such stubs is l 1 = 0.65 mm. Also, the spacing between the signal and ground plane is optimized as s 5 = 0.4 mm, then s 6 is set to be 0.15 mm. Having determined s 5 and s 6 , the position of resonance suppressing structures can also be determined.
The simulation results of the back-to-back transition are shown in Fig. 15(a) and (b) . The performance improvement of the transition with resonance suppressing structure is shown in Fig. 15(a) , which has no matching stub, i. e., the signal via-hole is placed at the edge of the upper substrate. It can be seen that the resonances at 18.4 GHz and 31.9 GHz are suppressed by virtue of the proposed resonance suppressing structure. In addition, the performance improvement of the transition with the matching stub can be observed in Fig. 15(b) . It can be seen that the transition without the suppressing structure nor the matching stub works as intended at frequencies below millimeter-wave frequencies, but its performance deteriorates remarkably at millimeter-wave frequencies where special attention must be paid not to compromise the performance.
IV. SIMULATIONS AND MEASUREMENTS

A. MICROSTRIP-TO-GCPW TRANSITION
For fabrication, a back-to-back transition model is constructed by cascading the proposed transition. Fig. 16 shows a photograph of the fabricated transition structure. The motherboard is designed using Astra MT 77 substrate, with the relative dielectric constant of 3 and the thickness of 0.127 mm, and a transmission line of the upper substrate is based on the same substrate that filter utilizes, with the same dimensions. The width and length of the motherboard are 13 mm and 20 mm, respectively, and the width and length of the upper substrate are 7.2 mm and 13.1 mm, respectively.
As described in Section 3, the frequency responses of the transition without the suppressing structure showed severely degraded performance, and a noticeable improvement was observed when the proposed suppressing structure is applied. The measured S-parameters of the transition without any suppressing structure and transition with the proposed suppressing structure are compared in Fig. 17 . Because it is not feasible to fabricate the upper substrate with a via-hole place at the edge of the substrate, the transition without the matching stub cannot be measured. The insertion loss and return loss of the conventional transition showed an unsuitable performance especially in the frequency range of the target passband of the proposed filter, from 38 GHz to 43 GHz. On the contrary, the measured results of the transition with the suppressing structure have significantly improved over the frequency range from 20 GHz to 47 GHz, which fully covers the Ka-band frequency spectrum. The measured return loss is better than 12 dB over most of the analyzed frequency range. The simulated and measured insertion loss of the transition at the target center frequency of the proposed filter, at 38.8 GHz, are 1.0 dB and 3.1 dB respectively. The connector loss which was not take into account in the simulation is 1.8 dB at 38.8 GHz, may explain the discrepancy between the simulated and measured results.
B. FILTER WITH THE PROPOSED TRANSITION
The filter discussed in Section 2 is based on the Rogers 4350 substrate with a relative dielectric constant of 3.66 and a thickness of 0.508 mm. The standalone filter design was modified for the implementation of the proposed transition structure. Via-holes are placed at the input and output GCPW line of the filter and the bottom metallic layer is etched to ensure that the signal line coming from the motherboard is separated from the ground plane of the filter, as described in Section 3. A photograph of fabricated filter is shown in Fig. 18 , and the simulated and measured S-parameters of the filter with the proposed transition structure are provided in Fig. 19 . The results are found to be in reasonable agreement with the simulated results. The simulated and measured insertion loss at the center frequency are 2.9 dB and 6.7 dB, respectively. The discrepancy can be attributed to the connector loss and some other factors that cannot be taken into account during the simulation, such as, the increase of the dielectric loss with target frequency and the fabrication tolerance. Besides, the simulation has been conducted under the assumption that the conductivity of copper is the one of pure copper. However, the conductivity of copper in use would have caused more loss than expected.
V. CONCLUSION
In this paper, a 6th-order SIW filter with two transmission zeros has been introduced. For obtaining transmission zeros, a new coupling structure using slot lines is proposed and experimentally verified that the proposed design is feasible to achieve cross-couplings between non-adjacent resonators. It has been shown that the proposed coupling structure provides a high flexibility in the design of cross-coupled filter.
This paper also present a microstrip-to-GCPW transition design with a structure for suppressing undesired resonances. VOLUME 7, 2019 The transition aims for the integration of multi-layered substrate components operating at Ka-band. In order to achieve good performance, an impedance matching technique using transmission line stubs for compensating the impedance deviation caused by the via-hole inductance is also discussed. The presented design methods have been validated by fabricating and measuring the proposed microstrip-to-GCPW transition. The performance of the transition has significantly improved with the proposed suppressing structure, achieving the return loss better than 12 dB over the most of frequency range of interest. Also, the proposed cross-coupled SIW filter with the proposed transition has been fabricated and measured.
